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Description 



SYSTEM AND METHOD FOR BATTERY 
PROTECTION STRATEGY FOR HYBRID 
ELECTRIC VEHICLES 

Background of Invention 
[0001] i. Field of the Invention 

[0002] The invention relates generally to a system and method 
for vehicle battery protection, and more particularly to 
battery under-charge and battery over-charge protection 
for series and series-parallel hybrid electric vehicles. 

[0003] 2. Background Art 

[0004] | n general, a hybrid electric vehicle (HEV) has four major 
power generation/conversion components. The power 
generation/conversion components include an internal 
combustion engine, a generator, an electric machine that 
performs as a motor in one mode of operation and as a 
generator in another mode of operation and a battery (or 
other appropriate energy storage unit such as an ultra ca- 



pacitor in some cases). There are basically three different 
configurations for the HEV, depending on how the engine, 
generator and electric machine are connected. The three 
types of HEV configurations are series HEV, parallel HEV 
and series-parallel HEV. 

[0005] During the normal drive mode of vehicle operation, the 
generator (except the case of parallel HEV) will convert 
mechanical energy into electrical energy and supply the 
electrical energy to the electric machine and battery. The 
electric machine will turn the electrical energy back to 
mechanical energy to drive the wheels. For the engine 
start operation, however, the generator will perform as a 
motor and will consume the battery energy as does the 
electric machine. Conversely, the electric machine will 
perform as a generator during braking (i.e., regenerative 
braking) to convert vehicle kinetic energy into electrical 
energy and charge the battery using the electrical energy 
generated by regenerative braking. The electrical power 
generated/consumed by the generator and the electric 
machine is controlled by a vehicle control system. 

[0006] one example of a conventional approach to battery pro- 
tection for hybrid electric vehicles is the system and 
method disclosed in U.S. Patent Application 



2003/0052650. A hybrid control module determines vari- 
ous discharge and recharge allowances and limits for op- 
eration of the battery with different operating conditions 
of the hybrid electric vehicle. It also determines various 
periods of time and limits operation of the battery with 
different operating conditions of the hybrid electric vehi- 
cle. The allowances and periods of time may be used as 
limits that are imposed on commands for the motor. 

[0007] However, the battery may be over-charged or over- 
discharged when the battery limits (e.g., for current, volt- 
age or power) may not be considered properly in calculat- 
ing the generator power command (P*gen) and the motor 
power command (P*mot) using such conventional ap- 
proaches. The battery over-charge, over-discharge or 
over-power may cause battery damage and result in vehi- 
cle shut down, or quit on road (QOR) conditions, and po- 
tential user dissatisfaction. 

[0008] it would be desirable to have a system and method for a 
battery protection strategy for hybrid electric vehicles that 
reduces or eliminates battery over-charge and battery 
over discharge conditions. 
Summary of Invention 

[0009] a hybrid electric vehicle (HEV)system and method is dis- 



closed that substantially overcomes the limitations and 
shortcomings of conventional HEV control systems and 
methods. In accordance with one embodiment of the 
present invention, a method for controlling a hybrid pow- 
ertrain system for an automotive vehicle operated by a 
user is provided. The system has an engine, an electric 
machine that performs as a motor in one mode of opera- 
tion and performs as a generator in another mode of op- 
eration, a battery connected to the electric machine, and a 
generator configured to receive mechanical power from 
the engine and to present electrical power to at least one 
of the electric machine and the battery, and at least one of 
the engine and the electric machine establish a power 
source for providing power to vehicle traction wheels. The 
method includes the steps of determining a first power 
state of the hybrid powertrain system, limiting electrical 
power generated by the generator to the minimum of the 
rated power limit of the generator and the first power 
state, when the first power state is greater than zero, and 
limiting the electrical power generated by the generator to 
zero, and limiting the power limit of the electric machine 
during generating to a first operating condition of the hy- 
brid powertrain system, when the first power state is less 



than or equal to zero, to provide over-charge protection 
to the battery. 

[0010] Further, when engine start is of higher priority to the user 
than drive performance, the method can include the steps 
of limiting the power limit of the electric machine during 
motoring to the minimum of the rated power limit of the 
electric machine, and the negative of a second operating 
condition of the hybrid powertrain system, when the sec- 
ond operating condition is less than zero, determining 
when a third operating condition of the hybrid powertrain 
system is less than zero, when the second operating con- 
dition is equal to or greater than zero, limiting the auxil- 
iary loads to the minimum power for maintaining the ve- 
hicle operation, and limiting the power limit of the electric 
machine during motoring to the minimum of the rated 
power limit of the electric machine and the negative of the 
third operating condition, when the third operating condi- 
tion is less than zero, and adjusting an engine start strat- 
egy to provide earlier starting of the engine, when both 
the second and the third operating conditions are equal to 
or greater than zero, to provide over-discharge protection 
to the battery. 

[0011] yet further, when drive performance is of higher priority 



to the user than engine start, the method can include the 
steps of limiting the electrical power of the generator dur- 
ing motoring to the maximum of the negative of the rated 
power limit of the generator, and a fourth operating con- 
dition of the hybrid powertrain system, when the fourth 
operating condition is less than zero, determining when a 
fifth operating condition of the hybrid powertrain system 
is less than zero, when the fourth operating condition is 
equal to or greater than zero, limiting the actual total 
power consumed by the auxiliary loads to the minimum 
auxiliary power requested, and limiting the electrical 
power of the generator during motoring to the maximum 
of the negative of the rated power limit of the generator 
and the fifth operating condition, when the fifth operating 
condition is less than zero, and adjusting an engine start 
strategy to provide earlier starting of the engine, when the 
fifth operating condition is equal to or greater than zero, 
to provide over-discharge protection to the battery. 
[0012] The present invention generally provides a robust control 
system for reducing or preventing a hybrid electric vehicle 
(HEV) electric power storage device (e.g., battery) from at 
least one of over charging and over discharging. The 
present invention will generally prolong battery life and 



reduce or prevent the vehicle from having quit on road 
(QOR) conditions due to battery over limit conditions. 

[0013] The present invention generally provides a strategy for 

determining the hybrid electric vehicle generator and mo- 
tor power limits under different operating (e.g., driving, 
idling, etc.) conditions. Operation of the generator and 
motor within the generator and motor power limits will 
generally prevent the battery from over power/current and 
from under/over voltage during either charging or dis- 
charging and hence will reduce or eliminate the QOR due 
to over-charge and over-discharge of the battery. 

[0014] Further advantages, objectives and features of the inven- 
tion will become apparent from the following detailed de- 
scription and the accompanying figures disclosing illus- 
trative embodiments of the invention. 
Brief Description of Drawings 

[0015] Figure 1 is a diagram of a series hybrid electric vehicle 
(HEV) configuration; 

[0016] Figure 2 is a control diagram of a series HEV of the 
present invention; 

[0017] Figure 3 is a plot of engine speed command determina- 
tion; 

[0018] Figure 4 is a diagram of an engine speed regulation con- 



troller; 

[0019] Figure 5 is a diagram of a partial model for over-charge 
protection of a battery; 

[0020] Figure 6 is a flow diagram of an over-charge protection 
strategy of the present invention; 

[0021] Figure 7 is a diagram of a partial model for over discharge 
protection of a battery; 

[0022] Figure 8 is a flow diagram of an over discharge protection 
strategy of the present invention; 

[0023] Figure 9 is a flow diagram of another over discharge pro- 
tection strategy of the present invention; 

[0024] Figure 10 is a diagram of a series-parallel HEV configura- 
tion; and 

[0025] Figure 11 is a plot of actual and desired vehicle speed for 
a series HEV having a battery protection strategy of the 
present invention. 
Detailed Description 

[0026] a hybrid electric vehicle (HEV) generally comprises four 
major power generation/conversion components. The 
power generation/conversion components generally com- 
prise an internal combustion engine, a generator, an elec- 
tric machine that performs as a motor in one mode of op- 
eration and as a generator in another mode of operation, 



and a battery (or another power storage device such as a 
capacitor, an ultra capacitor, a cell, and the like instead of 
the battery in some cases). There are basically three dif- 
ferent configurations for the HEV that relate to how the 
engine, generator and motor are connected (i.e. coupled, 
interfaced, hooked up, etc.). The three HEV configurations 
are series HEV, parallel HEV, and series-parallel HEV. The 
parallel HEV configuration may be implemented without a 
generator and the motor may perform as a motor/ 
generator. 

[0027] The present invention may provide a system and a method 
for a battery protection strategy that may be advanta- 
geously implemented in connection with series HEV and 
series-parallel HEV types of HEV configurations. The 
present invention is first described in connection with a 
series HEV configuration and then generalized to the se- 
ries-parallel HEV configuration. 

[0028] Series HEV Configuration 

[0029] Referring to Figure 1, a series HEV configuration 100 is 

shown. The series HEV 100 generally comprises an electric 
vehicle powertrain (e.g., an electric machine 108 electri- 
cally coupled to and receiving electrical power from an 
energy storage device 110, typically a battery) and a gen- 



erator 106 driven by an internal combustion engine 102 
through a mechanical coupling (e.g., drive shaft) 104 to 
supply the battery 110/electric machine 108 with electri- 
cal energy. The electric machine 108 generally provides 
mechanical power to the vehicle drivetrain 114 through a 
mechanical coupling (e.g., drive shaft) 112. The drivetrain 
114 may include an axle/differential assembly 120 and 
vehicle traction wheels 122. The energy storage device 
110 may be implemented as a battery, a capacitor, an ul- 
tra capacitor, a cell, or other appropriate device to meet 
the design criteria of a particular application. 
[0030] From the energy flow point of view, the output of the en- 
gine 102/generator 106 is connected in series with the 
electric motor 108. The engine 102 output (i.e., mechani- 
cal energy) is not directly delivered to the driven wheels 
122 but rather is converted into electrical energy by the 
generator 106. The electrical energy is further converted 
into mechanical energy by the electric motor 108 and 
transferred to the driven wheels 122, and into electro- 
chemical energy by the battery 110 when the generator 
106 produces more energy/power than is consumed by 
the motor 108. 

[0031] The motor 108 is generally implemented as an electric 



machine configured such that in a motoring mode of op- 
eration (i.e., condition, state, etc.), electrical power flows 
from either the generator 106 or the battery 110 to the 
electric machine 108. In a charging mode, electrical power 
flows from the generator 106 to the battery 110. In a re- 
generative braking mode, electrical power flows from the 
electric machine 108 (performing as a generator) to the 
battery 110. 

[0032] a s depicted in the Figure 1, in a series HEV 100 power- 
train configuration the engine 102 is not mechanically 
connected to the driven wheels 122. Instead, the output 
power/energy from the engine 102 is transmitted to the 
driven wheels 122 by the generator 106 and the electric 
machine 108 (i.e., via energy conversion from mechanical 
to electrical energy and back to mechanical energy). Aux- 
iliary loads (shown in Figure 2, e.g., air conditioner com- 
pressor, heated back light, power windows, entertainment 
system, etc.) may also receive power from the generator 
106, the electric machine 108 or the battery 110, as ap- 
propriate. Therefore, the series HEV configuration gener- 
ally provides the potential to operate the engine 102 in a 
desired region (e.g., around the optimal brake specific 
fuel consumption, BSFC curve) in some modes of vehicle 



100 operation. 

[0033] clearly, the series HEV configuration 100 is similar to a 
continuous variable transmission (CVT) powertrain in a 
conventional vehicle. In addition, the electric machine 108 
can be used to recover some of the vehicle kinetic energy 
by operating as a generator during braking through the 
regenerative braking mode of operation. Therefore, a se- 
ries HEV configuration 100 can potentially improve the 
fuel economy of the vehicle, reduce emissions, etc. when 
compared to conventional non-hybrid vehicle approaches. 
A vehicle system control (described in more detail below 
in connection with Figure 2) is generally implemented in 
connection with the HEV 100 to achieve the potential fuel 
economy improvement and other advantages in a series 
HEV. 

[0034] The following definitions, symbols, indicia, signals, pa- 
rameters, factors, and conventions (followed by units of 
measure and typical range indicated in parentheses) are 
used throughout the Detailed Description. 

[0035] BSFC = Brake specific fuel consumption. 

[0036] p*eng = commanded (i.e., requested, desired, demanded, 

etc. by a user) engine output power (W) 
[0037] p en g _ actual engine output power (W) 



[0038] p'gen = steady state portion of the commanded generator 
output power ("+" = generating, "-" = motoring) 

[0039] AP'gen = transient state portion of the commanded gen- 
erator output power for engine speed regulation 

[0040] p*gen = P'gen + AP'gen, commanded generator output 
electrical power ("+" = generating, "-" = motoring) 

[0041] p gen actual generator output electrical power ("+" = gen- 
erating, "-" = motoring) 

[0042] pgenGmax = min{Pgen_max, (Pmot + Pmotloss + Paux + 
PdcCHmax)} as described below in connection with Figure 
6, generator power during generating (electrical) (>0) 

[0043] pgenMmin = max{-Pgen_max, (PdcDHmin + Paux + Pmot 
+ Pmotloss)} or, alternatively, = max{-Pgen_max, 
(PdcDHmin + Paux.min + Pmot + Pmotloss)} as described 
below in connection with Figure 9, generator power dur- 
ing motoring(electrical) (<0) 

[0044] pgen.max = generator rated power limit (>0) (W) 

[0045] pgenloss = actual generator power loss (>0) (W) 

[0046] p* mo t = commanded motor mechanical output power ("+" 
= motoring, "-" = generating) 

[0047] p mo t = actual motor mechanical output power ("+" = mo- 
toring, "-" = generating) 



[0048] PmotMmax = min{Pmot_max, -(PdcDHmin + Paux - Pgen 
+ Pmotloss)} or, alternatively, = min{Pmot_max, - 
(PdcDHmin + Paux_min - Pgen + Pmotloss)} as described 
below in connection with Figure 8, motor power limit dur- 
ing motoring (>0) 

[0049] PmotGmin = -(Pmotloss + Paux + PdcCHmax) as de- 
scribed below in connection with Figure 6, motor power 
limit during generating (<0) 

[0050] Pmotloss = actual motor power loss (>0) 

[0051] Pmot_max = motor rated power limit (>0) 

[0052] Pmot.ele = Pmot + Pmotloss, actual motor electrical input 
power 

[0053] p*aux = commanded total auxiliary power at high voltage 
terminal (>0) 

[0054] p aux _ actual total auxiliary power at high voltage termi- 
nal (>0) 

[0055] Paux.min = the minimum auxiliary power requested at 
high voltage terminal (i.e., the minimum power for main- 
taining the vehicle operation) (>0) 

[0056] p*bat = commanded battery charge power (>0) or, alter- 
natively, battery discharge power (<0) 

[0057] pb a t = actual battery charge power (>0) or, alternatively, 



battery discharge power (<0) (W) 
[0058] pioss = actual power loss of both generator and motor 
(>0) (W) 

[0059] pbatCHmax = rated battery charge power limit (>0) (from 
the battery controller) 

[0060] PdcCHmax = min{PbatCHmax, Ubat x IdcCHmax}, rated 
battery charge power limit for protecting battery from 
over-current, over-voltage and over-power during charg- 
ing^) 

[0061] pbatDHmin = rated battery discharge power limit (<0) 
(from the battery controller) 

[0062] PdcDHmin = max{PbatDHmin, Ubat x IdcDHmin} battery 
discharge power limit for protecting battery from over- 
current, under-voltage and over-power during discharg- 
ing (<0) 

[0063] qor = Quit on road. Vehicle is unable to proceed under 
its own power. 

[0064] oomot = actual motor speed (rotational velocity, radians 

per second, RPS) 
[0065] oo*eng = commanded engine speed (RPS) 

[0066] ooeng = actual engine speed (RPS) 

[0067] T*eng = commanded engine output torque (Nm) 



[0068] Teng = actual engine output torque (Nm) 

[0069] T'gen = steady state portion of the commanded generator 
output torque ("+" = generating, "-" = motoring); 

[0070] AT'gen = transient state portion of the commanded gen- 
erator output torque for engine speed regulation 

[0071] T*gen = T'gen + AT'gen, commanded generator output 
torque ("+" = generating, "-" = motoring) 

[0072] Tg en _ actual generator output torque ("+" = generating, 
"-" = motoring) 

[0073] T*mot = commanded motor output torque ("+" = motor- 
ing. "-" = generating) 

[0074] Tmot = actual motor output torque ("+" = motoring, "-" = 
generating) 

[0075] j*c| r = driver demanded torque at motor shaft 
[0076] Tbat = battery temperature (°C) 
[0077] On/Off Ctrl = Control signal for engine start/stop 
[0078] Ubat = battery voltage (>0) (V) 

[0079] ubat.max = maximum battery voltage limit (>0) from the 

battery controller (V) 
[0080] ubat_min = minimum battery voltage limit (>0) from the 

battery controller 



[0081] SOC = battery state of charge (%) 

[0082] idcOVmax = battery charge current limit (>0) for protect- 
ing battery from over-voltage (i.e., for avoiding battery 
over-voltage)(Ubat > Ubat_max) as determined through 
battery testing to be implemented at different Ubat, Tbat, 
and SOC conditions representative of design criteria for a 
particular application 

[0083] ibatCHmax = rated battery charge current limit (>0) (from 
the battery controller) (A) 

[0084] idcCHmax = min{lbatCHmax, IdcOVmax}, battery charge 
current limit (>0) 

[0085] idcUVmin = battery discharge current limit (<0) for pro- 
tecting battery from under-voltage (i.e., for avoiding bat- 
tery under-voltage) (Ubat < Ubat.min) as determined 
through battery testing to be implemented at different 
Ubat, Tbat, and SOC conditions representative of design 
criteria for a particular application 

[0086] ibatDHmin = rated battery discharge current limit (<0) 
(from the battery controller) 

[0087] idcDHmin = max{lbatDHmin, IdcUVmin}, battery discharge 
current limit (<0) 

[0088] General control strategy 



[0089] Referring to Figure 2, a diagram of a vehicle system con- 
trol of the present invention implemented in connection 
with the HEV 100 is shown. The HEV 100 generally in- 
cludes a vehicle system controller (VSC) 150. The con- 
troller 150 generally determines power demanded by the 
user (e.g., a driver of the vehicle) and manages (i.e., con- 
trols) the power required to charge the battery 110 such 
that the battery 110 is maintained within predetermined 
charge and discharge limits (i.e., values, states, condi- 
tions, levels, etc.) to reduce or prevent the battery 110 
from over power/current and from under/over voltage vi- 
olations and hence will reduce or eliminate the QOR con- 
ditions due to either over charge, or over discharge of the 
battery 110. A number of states and conditions (e.g., 
power states and operating conditions of the HEV system 
100) are generally determined and evaluated using a con- 
troller such as the VSC 150. 

[0090] The controller 150 generally comprises a regulator 160, a 
battery over voltage model 170, and a battery under volt- 
age model 180. The controller 150 may have inputs that 
receive signals (i.e., commands, requests, etc.) related to 
(i.e., corresponding to, representative of, etc.) P*aux, SOC, 
Ploss, ooeng, T*dr, and oomot (e.g., from the electric ma- 



chine 108 via the vehicle 114). The VSC 150 may have 
outputs that present (i.e., send, transmit, etc.) signals re- 
lated to T*gen (e.g., to the generator 106), On/Off Ctrl 
(e.g., to the engine 102), T*eng (e.g., to the engine 102), 
T*mot (e.g., to the electric machine 108). The models 170 
and 180 are generally implemented in memory (e.g., ran- 
dom access memory (RAM), read only memory (ROM), 
EPROM, EEPROM, flash, etc.) in the controller 150. 
[0091] The torque Teng may be presented/received between the 
engine 102 and the generator 106 (e.g., via the coupling 
104). Pgen, Pbat, Pmot_ele, and Paux may be presented/re- 
ceived (exchanged) between the generator 106, the bat- 
tery 110, the electric machine 108, and an auxiliary load 
140. 

[0092] During steady state operation, the engine 102 power de- 
mand P*eng can be determined (e.g., calculated) based on 
the power balance as follows. 

[0093] p*mot = T*dr x cjumot 

[0094] p'g en = p* mo t + Pmotloss + P*aux + P*bat 
[0095] p*eng = P'gen + Pgenloss 

[0096] Referring to Figure 3 (with continued reference to Figure 
2), an engine speed command (i.e., request, control sig- 



nal, etc.) determination plot 200 is shown. For the given 
engine power demand, the engine speed command u>*eng 
can be determined from an engine speed versus engine 
power (P*eng) curve 202. The engine speed versus engine 
power curve 202 is generally derived from (i.e., related to, 
corresponds to. etc.) an appropriate optimum BSFC curve 
(torque versus speed). The engine 102 generally tracks 
the engine speed command for operation in the optimum 
fuel economy region for the given engine power demand. 

[0097] Further, the engine torque command can be determined 
by dividing the engine power demand by the current en- 
gine speed: 

[0098] T*eng = P*eng /ooeng 

[0099] jhe steady state portion of the generator torque com- 
mand is generally set such that 
[0100] Tgen = T*eng. 

[0101] For engine speed regulation during transient operating 

conditions of the HEV 100 (e.g., vehicle acceleration, vehi- 
cle deceleration, air conditioner engagement/disen- 
gagement, etc.), the engine speed error dependent control 
signal AT'gen is added to the Tgen, and the final genera- 
tor torque command is 



[0102] T * gen = T 'g en + ATgen. 

[0103] Referring to Figure 4 (with continued reference to Figure 
2), a detailed diagram of the engine speed regulation de- 
vice (regulator) 160 is shown. The device 160 generally 
comprises a combiner 162 and a controller 164. The com- 
biner 162 may combine the signals related to u>*eng and 
ooeng and present the combined signal to the controller 
164. In one example, the controller 164 may be imple- 
mented as a proportional integral (PI) controller. In an- 
other example, the controller 164 may be implemented as 
a proportional integral derivative (PID) controller. How- 
ever, the controller 164 may be implemented as any ap- 
propriate controller that determines the value ATgen in 
response to the combination of oo*eng and ooeng to meet 
the design criteria of a particular application. The regula- 
tor 160 may be advantageously implemented to control 
the vehicle 100 during transient operating conditions. 

[0104] Accordingly, 

[0105] p*gen = P'gen + AP'gen. 

[0106] |_ ow power level control strategy 

[0107] | n general, when the P*eng calculated is low and battery 
SOC is high, the engine 102 is shut down (turned off, the 



signal O/Off Ctrl is present in the off state), and electrical 
power from the battery 110 is used to drive the vehicle 
100 via the electric machine 108. Although operation of 
the engine 102 generally follows the optimum fuel econ- 
omy curve (e.g., the curve 202), the engine 102 efficiency 
is typically low at low engine power level. When either the 
P*eng = high state (i.e., above a predetermined value or 
threshold) or the battery SOC = low state (i.e., below a 
predetermined value or threshold) is detected, the engine 
102 is generally started (e.g., the signal O/Off Ctrl is 
present in the on state), and electrical power from the 
battery 110 is used to drive substantially immediately by 
operation of the generator 106 as a starting motor, such 
that engine 102 power can be used to meet the energy 
demanded by the user. 
[0108] Problem Description 

[0109] As noted in the Background, in conventional approaches, 
the HEV battery may be over charged or over discharged 
when the battery limits (e.g., limits for current, voltage or 
power charge and discharge) are not considered properly 
when P*gen, P*mot, P*gen and P*mot are determined. 
Battery over charge or over discharge conditions may es- 
pecially occur during the transient engine speed regula- 



tion. The battery over charge or over discharge conditions 
may cause battery damage and may result in vehicle shut 
down, or QOR conditions. 

[0110] The present invention generally provides system and a 
method for a strategy for determining the generator 106 
and the electric machine 108 power limits under a variety 
of different driving conditions. Operating the generator 
106 and the electric machine 108 within the predeter- 
mined over charge or over discharge limits using the sys- 
tem and method of the present invention will generally re- 
duce or prevent the battery 110 from power/volt- 
age/current limit violation and hence will reduce, prevent, 
or eliminate the QOR due to the battery 110 over charge 
and/or over discharge. The following is a detailed de- 
scription of the strategy implemented via the system and 
method for battery protection of the present invention. 

[0111] Over-Charge Protection For a HEV 

[° 112 ] Referring to Figure 5, a battery over-voltage protection 

model (i.e., strategy) 170 is shown. The over-voltage pro- 
tection model 170 may be used to determine the battery 
charge current limit IdcOVmax (>0) for protecting the 
battery from over-voltage (Ubat > Ubat.max), the rated 
battery charge current limit IbatCHmax (>0) and the rated 



battery charge power limit PbatCHmax (>0). 
[0113] The strategy 170 generally comprises a battery model 172 
(e.g., a representation of the battery 110 that is deter- 
mined via testing and is generally stored in the controller 
150) and a lookup table (LUT) 174. The LUT 174 generally 
receives the parameters (or corresponding signals) Ubat, 
Tbat and SOC, and presents the value (or corresponding 
signal) IdcOVmax. The values (or corresponding signals) 
IbatCHmax and PbatCHmax are generally presented by the 
model 172. 

[0114] The strategy 170 generally includes a model for over- 
charge protection of the battery 110 that receives a volt- 
age of the battery 110, a temperature of the battery 110, 
and a state of charge (SOC) of the battery 110, and 
presents a charge current limit of the battery for over- 
voltage protection, a rated charge current limit signal for 
over-current protection, and a rated battery charge power 
limit. 

[0115] For a further description of the strategy 170, the following 

definitions are used. 
[0116] idcCHmax = min{lbatCHmax, ldcOVmax}(for over current/ 

voltage protection) 
[0117] PdcCHmax = min{PbatCHmax, Ubat x ldcCHmax}(for over 



current/voltage/power protection) 
[0118] initially, the battery system generally operates at a normal 
state without any over-voltage, over-current or over- 
power. During the battery charge operation, when Pbat < 
PdcCHmax, the following relationships are generally in ef- 
fect. 

[° 119 ] Ibat < IbatCHmax (no over charge current) 

[0120] ubat < Ubat_max (no over voltage) 

[0121] p Dat < PbatCHmax (no over charge power) 

[0122] As a result, the battery 110 is generally protected from an 

over-charge condition. 
[0123] jo ensure that Pbat < PdcCHmax during a normal driving 

mode of operation without the engine 102 initiating a 

starting mode, 

[0124] pbat = Pgen - Pmot.ele - Paux = Pgen - Pmot - Pmotloss 
- Paux, and 

[0125] pbat < PdcCHmax when Pgen - Pmot - Pmotloss - Paux < 
PdcCHmax. 

[0126] As a result, the maximum generator 106 generating 

power permitted, PgenGmax, and the minimum electric 
machine 108 regenerating power permitted, PmotGmin, 
may be calculated (i.e., determined), in one example, us- 



ing an algorithm (i.e., routine, steps, method, process, 
operation, calculation, etc.) as follows. 
[0127] (i) |f p mot + Pmotloss + Paux + PdcCHmax > 0 

[0128] genGmax = min{Pgen_max, 

(Pmot+Pmotloss+Paux+PdcCHmax)} Else (Pmot < 

0, electric machine unequivocally in regenerative mode of 

operation) 

[0129] pgenGmax = 0 (generator not permitted to generate) 

PmotGmin = -(Pmotloss+ Paux+ PdcCHmax) 
[0130] End 

[0131] Referring to Figure 6, a flow diagram 300 illustrating a 
battery over-charge protection strategy (e.g., a strategy 
implemented in connection with the model 170) of the 
present invention is shown. The strategy 300 may be im- 
plemented via the routine (1) above in connection with the 
HEV 100. A VSC (e.g., the controller 150) may monitor and 
determine appropriate vehicle and vehicle component pa- 
rameters (block or step 302). The parameters that are de- 
termined via the block 302 are generally related to a 
power state of the hybrid powertrain system 100. The VSC 
may determine whether Pmot + Pmotloss + Paux + Pdc- 
CHmax > 0 (decision block or step 304). The condition of 



block 304 may be stated alternatively as the negative sum 
of motor power, motor power loss and auxiliary power is 
smaller than PdcCHmax (no matter whether the sum is 
positive, negative or zero). Yet another alternative state- 
ment of the condition of the block 304 is the negative 
sum of motor power, motor power loss and auxiliary 
power is smaller than PdcCHmax (no matter whether the 
sum is positive, negative or zero). 

[0132] when Pmot + Pmotloss + Paux + PdcCHmax > 0, PgenG- 
max = min{Pgen_max, (Pmot + Pmotloss + Paux + Pdc- 
CHmax)} (block or step 306). Returning to decision block 
304, when Pmot + Pmotloss + Paux + PdcCHmax < 0, 
PgenCmax = 0, and PmotGmin = -(Pmotloss + Paux + 
PdcCHmax) (block or step 308). The condition of block 
308 may be stated alternatively as limiting the generator 
maximum generating power to zero and limiting the mo- 
tor generating power to the sum of motor power loss, 
auxiliary power and PdcCHmax. 

[0133] Over-Discharge Protection For a HEV 

[0134] Referring to Figure 7, a battery under-voltage protection 
model (i.e., strategy) 180 is shown. The under-voltage 
protection model 180 may be used to determine the bat- 
tery discharge current limit IdcUVmin (<0) for protecting 



the battery from under-voltage (Ubat < Ubat_min), the 
rated battery discharge current limit IbatDHmin (<0), and 
the rated battery discharge power limit PbatDHmin (<0). 
[0135] The strategy 180 generally comprises a battery model 180 
(e.g., a representation of the battery 110 that is deter- 
mined via testing and is generally stored in the controller 
150) and a lookup table (LUT) 184. The LUT 184 generally 
receives the parameters (or corresponding signals) Ubat, 
Tbat and SOC, and presents the value (or corresponding 
signal) IdcUVmin. The values (or corresponding signals) 
IbatDHmin and PbatDHmin are generally presented by the 
model 182. 

[0136] The strategy 180 generally includes a model for under- 
voltage protection for the battery 110 that receives the 
voltage of the battery 110, the temperature of the battery 
110, and the SOC of the battery 110, and presents a dis- 
charge current limit of the battery llOfor under-voltage 
protection, a rated battery discharge current limit for 
over-current protection, and a rated battery discharge 
power limit. 

[0137] For a further description of the strategy 180, the following 

definitions are used. 
[0 1 38] IdcDHmin = max{lbatDHmin, IdcUVmin} (for over dis- 



charge current protection and under voltage protection) 
[0139] PdcDHmin = max{PbatDHmin, Ubat x IdcDHmin} (for over 
discharge power/current protection and under voltage 
protection) 

[0140] initially, the battery system operates at a normal state 
(i.e., without any under-voltage, and over-discharge of 
current and power). During the battery 110 discharge, 
when Pbat > PdcDHmin, the following relationships are 
generally in effect. 

[° 141 ] Ibat > IbatDHmin (no over discharge current) 

[° 142 ] Ubat > Ubat_min (no under voltage) 

[0143] pbat > PbatDHmin (no over discharge power) 

[0144] As a result, battery 110 is generally protected from an 
over-discharge condition. 

[0145] jo ensure that Pbat > PdcDHmin during a normal driving 
mode of operation that includes engine 102 start opera- 
tions, as commanded to maintain the predetermined SOC 
in the battery 110 (i.e., generator 106 motoring), the 
same power balance equation as described above is gen- 
erally implemented, that is 

[0146] pbat = Pgen - Pmot.ele - Paux = Pgen - Pmot - Pmotloss 
- Paux 



[0147] Thus, Pbat > PdcDHmin when Pgen - Pmot - Pmotloss - 
Paux > PdcDHmin. As a result, when engine start is se- 
lected as higher priority than other modes of operation 
such as drive performance, the electric machine motoring 
power limit for protecting the battery 110 from over dis- 
charge, PmotMmax, is generally determined using the al- 
gorithm (i.e., routine, steps, determination, method, pro- 
cess, operation, calculation, etc.) as follows. 

[0148] (2) |f PdcDHmin + Paux - Pgen + Pmotloss < OPmotMmax 
= min{Pmot_max, -(PdcDHmin+Paux-Pgen+Pmotloss)} 

[° 149 ] Elseif PdcDHmin + Paux.min - Pgen + Pmotloss < 0 

[0150] p aux = Paux.min (reduce auxiliary power to minimum 

Paux.min) 
[0151] PmotMmax = min{Pmot_max, - 

(PdcDHmin + Paux_min-Pgen+Pmotloss)} 
[0152] Else (battery power is not enough even for starting engine) 

[0153] vSC should have started engine earlier to maintain a 

proper battery power capability 
[0154] End 

[0155] jo overcome the condition where battery 110 power is 
not enough even for starting the engine 102, the battery 
protection strategy of the present invention is generally 



modified (i.e., adjusted, revised, updated, etc.) (e.g., to 
provide an the engine start portion of the signal On/Off 
Ctrl) to provide an earlier engine 102 start. However, en- 
gine 102 control strategy including earlier charging to the 
battery 110 (e.g., starting the engine 102 earlier) may be 
provided via any appropriate controller. 
[0156] Referring to Figure 8, a flow diagram 400 illustrating a 
battery over-discharge protection strategy (e.g., a strat- 
egy implemented in connection with the model 180) of 
the present invention is shown. The strategy illustrated in 
the routine 400 may be advantageously implemented 
when engine start is of higher priority than other modes 
of operation such as drive performance. The strategy 400 
may be implemented via the routine (2) above in connec- 
tion with the HEV 100. A VSC (e.g., the controller 150) 
may monitor and determine appropriate vehicle and vehi- 
cle component parameters (block or step 402). The pa- 
rameters that are determined via the block 402 are gener- 
ally related to a power state of the hybrid powertrain sys- 
tem 100. The VSC may determine whether PdcDHmin + 
Paux - Pgen + Pmotloss < 0 (decision block or step 404). 
The condition of block 404 may be stated alternatively as 
the sum of motor power loss and auxiliary power minus 



generator power is smaller than the magnitude of Pd- 
cDHmin. 

[0157] when PdcDHmin + Paux - Pgen + Pmotloss < 0, PmotM- 
max = min{Pmot_max, -(PdcDHmin + Paux - Pgen + 
Pmotloss)} (block or step 406). Returning to decision 
block 404, when PdcDHmin + Paux - Pgen + Pmotloss > 
0, the VSC 150 may determine whether PdcDHmin + 
Paux.min - Pgen + Pmotloss < 0 (decision block or step 
408). The condition of block 408 may be stated alterna- 
tively as the sum of motor power loss and the minimum 
auxiliary power minus generator power is smaller than the 
magnitude of PdcDHmin. 

[0158] when PdcDHmin + Paux.min - Pgen + Pmotloss < 0, Paux 
= Paux.min, and PmotMmax = min{Pmot_max, - 
(PdcDHmin + Paux.min - Pgen + Pmotloss)} (block or step 
410). Returning to decision block 408, when PdcDHmin + 
Paux.min - Pgen + Pmotloss > 0, the VSC 150 should 
have started the engine 102 earlier to maintain a proper 
battery 110 power capability, and the strategy 400 may be 
adjusted as indicated above. 

[0159] jo overcome the condition where battery 110 power is 
not enough even for starting the engine 102, the battery 
protection strategy of the present invention is generally 



modified as described above in connection with routine 
(2). 

[° 16 °] Similarly, when drive performance is selected to be of 

higher priority than other modes of operation such as en- 
gine start, the generator motoring power limit for protect- 
ing the battery 110 from over discharge, PgenMmin, may 
be determined (e.g., calculated) as follows. 

[° 161 ] (3) If PdcDHmin + Paux + Pmot + Pmotloss < 0 

[0162] PgenMmin = max{-Pgen_max, 

(PdcDHmin + Paux+Pmot+Pmotloss)} 
[0163] Elseif PdcDHmin + Paux.min + Pmot + Pmotloss < 0 

[0164] p aux _ Paux.min (reduce auxiliary power to minimum 
Paux.min) 

[0165] PgenMmin = max{-Pgen_max, 

(PdcDHmin + Paux_min+Pmot+Pmotloss)} 

[0166] Else (battery power is not enough even for driving electric 
machine as motor) 

[0167] vSC should have started engine earlier to ensure availabil- 
ity of adequate power for starting and desired driving 
performance 

[0168] End 

[0169] jo overcome the condition where battery 110 power is 



not enough even for starting the engine 102, the battery 
protection strategy of the present invention is generally 
modified as described above in connection with routine 
(2). 

[0170] Referring to Figure 9, a flow diagram 500 illustrating a 

battery over-discharge protection strategy of the present 
invention is shown. The strategy illustrated in the routine 
500 may be advantageously implemented when drive per- 
formance is of higher priority than other modes of opera- 
tion such as engine start. The strategy 500 may be imple- 
mented via the routine (3) above in connection with the 
HEV 100. A VSC (e.g., the controller 150) may monitor and 
determine appropriate vehicle and vehicle component pa- 
rameters (block or step 502). The VSC may determine 
whether PdcDHmin + Paux + Pmot + Pmotloss < 0 
(decision block or step 504). The condition of block 504 
may be stated alternatively as the sum of motor power, 
motor power loss and auxiliary power is smaller than the 
magnitude of PdcDHmin. 

[0171] when PdcDHmin + Paux + Pmot + Pmotloss < 0, PgenM- 
min = max{-Pgen_max, (PdcDHmin + Paux + Pmot + 
Pmotloss)} (block or step 506). Returning to decision 
block 504, when PdcDHmin + Paux + Pmot + Pmotloss > 



0, the VSC 150 may determine whether PdcDHmin + 
Paux_min + Pmot + Pmotloss < 0 (decision block or step 
508). The condition of block 508 may be stated alterna- 
tively as the sum of motor power, motor power loss and 
minimum auxiliary power is smaller than the magnitude of 
PdcDHmin. 

[0172] when PdcDHmin + Paux.min + Pmot + Pmotloss < 0, 
Paux = Paux.min, and PgenMmin = max{-Pgen_max, 
(PdcDHmin + Paux.min + Pmot + Pmotloss)} (block or 
step 510). Returning to decision block 508, when Pd- 
cDHmin + Paux_min + Pmot + Pmotloss > 0, the VSC 150 
should have started the engine 102 earlier to ensure the 
availability of power for the vehicle 100 starting and drive 
performance desired by the user, and the strategy 500 
may be adjusted as indicated above to start the engine 
102 earlier. 

[0173] Application of the Present Invention for Other HEV Config- 
urations 

[0174] The present invention is described above in connection 
with a series HEV. However, the present invention can be 
advantageously applied as well to other HEV configura- 
tions (e.g., series-parallel HEV configurations) as follows. 

[0175] Series-Parallel HEV Configuration 



[0176] Referring to Figure 10, a diagram of a series-parallel HEV 
powertrain system 100' is shown. The HEV 100" generally 
includes a planetary gearset 130 mechanically coupled to 
the engine 102 through the drive shaft 104. The planetary 
gearset 130 is mechanically coupled to a transfer case 
134 through a drive shaft 132. The transfer case 134 is 
mechanically coupled to the differential/axle assembly 
120 through the drive shaft 112. 

[0177] The HEV 100' generally further includes the electric gen- 
erator 106 mechanically coupled to the gearset 130 
through a drive shaft 136. The electric machine 108 is 
generally mechanically coupled to the transfer case 134 
through a drive shaft 138. The battery 110, the generator 
106, and the electric machine 108 are generally electri- 
cally coupled together. 

[0178] The series-parallel configuration 100' is a combination of 
series and parallel configurations. The engine 102, the 
generator 106, the electric machine 108 and the wheels 
122 are mechanically linked together through the plane- 
tary gear set 130 and the transfer case 134. The engine 
102 power is generally split up and transmitted through 
two paths. 

[0179] The first path, a series path, transfers power through the 



generator 106, the electric machine 108, and the transfer 
case 134 to the wheels 122. Along the series path, part of 
the mechanical power from the engine 102 is generally 
first converted into electrical energy using the generator 
106. A portion of the electrical power generated by the 
generator 106 may be converted into mechanical energy 
via the electric machine 108 and transmitted to the wheels 
122 from the electric machine 108 through the transfer 
case 134, the shaft 112 and the assembly 120. The re- 
maining electrical power that is generated by the genera- 
tor 106 will generally be converted into electrochemical 
power by the battery 110. 

[0180] The second path, a parallel path, transfers power through 
the planetary gear set 130 and the transfer case 134 to 
the wheels 122. Along the parallel path, the second por- 
tion of engine 102 power is transmitted mechanically to 
the wheels 122. The electric machine 108 drive shaft 138 
is connected to the transfer case 134, and provides sup- 
plemental torque and adjustment to the engine 102 load. 

[0181] The series-parallel HEV 100' works at all times as a com- 
bination of series and parallel configurations. Therefore, 
the series-parallel HEV 100' can combine the positive as- 
pects (i.e., the advantages) of the both series and the par- 



allel HEV configurations when the system is controlled 
properly (e.g., via the present invention). 
[0182] invention Application for a Series-Parallel Configuration 

[0183] when the series-parallel HEV configuration 100' as illus- 
trated in Figure 10 is compared with the series HEV con- 
figuration 100 illustrated in Figure 1, the electrical link 
(i.e., coupling, connection, interface, etc.) of the series- 
parallel HEV 100' is the same as that of the series HEV 
100. Therefore, the system and method for battery pro- 
tection of the present invention can be applied directly to 
the series-parallel HEV configuration 100'. 

[0184] T ne system and method of the present invention generally 
provide the advantages of robust control for preventing 
the battery from over charging or over discharging, which 
will generally prolong battery life and prevent vehicle from 
a quit on road condition due to the battery exceeding per- 
formance limits. 

[0185] Referring to Figure 11, a diagram 700 of plots illustrating 
actual and desired vehicle speed, plots 702 and 704, re- 
spectively, for a series HEV with the battery protection 
strategy of the present invention are shown. The present 
invention provides superior matching of actual and de- 
sired vehicle speed (i.e., the actual and desired vehicle 



speeds substantially overlap) while maintaining the bat- 
tery within the specified operation range. 
[0186] while the best mode for carrying out the invention has 
been described in detail, those familiar with the art to 
which this invention relates will recognize various alterna- 
tive designs and embodiments for practicing the invention 
as defined by the following claims. 



